n INTRODUCTION T he three most common types of crystalinduced arthropathy are gout, calcium pyrophosphate dihydrate (CPPD) deposition disease, and calcium hydroxyapatite deposition disease (HADD) (1, 2) . Their diagnosis is based on clinical presentation and laboratory findings, with the gold standard represented by demonstration of crystals in the joint synovial fluid by polarizing light microscopy (2) (3) (4) . In gout, imaging findings may vary in relation to the clinical phase (i.e. asymptomatic hyperuricemia, acute gouty arthritis, inter-critical gout and chronic tophaceous gout), playing an important role in the assessment and grading of disease-related osteo-articular damage and its progression both over time and in response to uratelowering therapies. Imaging may also help to demonstrate MSU deposits and diseaserelated lesions in rare sites of involvement, such as spine and sacro-iliac joints) (2, 5) .
Radiography remains the most commonly used imaging technique in the initial evaluation of gout (6) . Computed tomography may detect cortical bone erosions with sensitivity superior to that of radiography, and it may demonstrate MSU deposits within tophi due to their specific attenuation value (7) . Magnetic resonance imaging has a high power for tissue-characterization and provides excellent contrast resolution which is improved by the intravenous administration of paramagnetic contrast material. It may provide information on the presence and grade of synovial thickening and hyperemia, synovial effusion and bone marrow edema (BME) which are the prominent features of the early stage of the disease (8, 9) . CPPD deposition disease is an inflammatory arthritis promoted by the deposition of calcium pyrophosphate dihydrate cystals within the synovium and peri-articular soft tissues, while the term chondrocalcino-F. Paparo, E. Fabbro, G. Ferrero et al. review sis refers to the radiographic evidence of calcification in hyaline and/or fibro-cartilage, either with or without accompanying symptoms (2, 3) . The gold-standard diagnosis of CPPD deposition disease relies on the demonstration of a typical X-ray diffraction pattern of crystals obtained from arthrocentesis, or when a radiographic polyarticular chondrocalcinosis is present and combined with the evidence of weakly birefringent crystals on polarizing light microscopy of the synovial fluid. Cross-sectional imaging studies (CT and MRI) are useful for a precise assessment of pyrophosphate arthropathy of the axial skeleton, in particular of the atlo-axial joint (i.e. "crowned dens" syndrome) (2, 3) . In the case of periarticular HADD, which is mainly represented by calcific tendonitis of the shoulder, diagnosis principally relies on clinical presentation and imaging. This is considered a useful tool for monitoring the disease course over time and for guiding mini-invasive therapeutic procedures, such as ultrasonography-guided single or double needle lavage techniques and intraarticular injection of anti-inflammatory drugs. In the rare case of intra-articular HADD, the gold standard for diagnosis is the demonstration of needle-like hydroxyapatite crystals on electron microscopy, identified as purple clumps by light microscopy with Wright's stain (10) .
n GOUT

Radiography
Plain film radiography is the first-line imaging tool used in the assessment of gouty patients, although in the early stage of the disease X-rays are usually normal or show non-specific findings (i.e. soft tissue swelling of the involved joint secondary to synovitis, capsular distention, and periarticular soft tissue edema) (6, 11) . Plain X-ray features of chronic gout are well recognized and some of them (i.e. asymmetric periarticular soft tissue swelling or subcortical cysts without erosions) are included in the American College of Rheumatology preliminary clinical diagnostic criteria for gout (12) . An attempt has been made by Dalbeth et al. (13) to adapt the Sharp/van der Heijde radiographic scoring system used in rheumatoid arthritis to gout (14) . This modified system combines the additional scoring of distal interphalangeal joints of hands to the erosion and narrowing scoring of the other joints of hands and feet (wrist, interphalangeal, metacarpophalangeal, metatarsophalangeal, and interphalangeal joint of the great toe). This method has been shown to be an accurate and reliable tool for the assessment of joint damage in chronic gout. No additional benefit in terms of reliability or reproducibility has been demonstrated when additional features, such as extraarticular erosions, ankylosis or joint space widening, were added (13) . In the late stage of the disease, plain film X-ray shows asymmetric soft-tissue masses (tophi) close to punched-out, juxta-articular, eccentric erosive lesions that are associated with only minimal reactive new bone formation (Figure 1 ) (3, 6) . In chronic tophaceous gout, tophaceous deposits can occur in the articular cartilage, subchondral bone, synovial membrane, and capsula, as well as in periarticular tissues such as tendons, ligaments, and bursae, particularly in the olecranon and prepatellar regions (3) . Tophi are extracellular deposits of monosodium urate crystals (MSU) surrounded by foreign-body giant cells and mononuclear cells which form a granuloma-like structure (2) . Tophaceous deposits may also mimic a space-occupying lesion, producing compression and impingement of nervous structures (e.g. carpal tunnel syndrome) (5, 6) . Tophi apparently take years to develop during the course of gout, and they may on occasion be seen, in the absence of arthritis, as the initial manifestation of gout; a condition defined as "gout nodulosis" (9, 11) . A typical feature of gouty erosions is the overhanging edge, an elevated margin of bone that extends over the expected confines of the cortex at the site of erosion (15) which may represent new bone formation around a gradually enlarging tophus (Fig-review Imaging studies of crystalline arthritides ure 1). The joint space is relatively well preserved, even in the presence of extensive juxta-articular erosions, and there is a characteristic lack of juxta-articular osteoporosis (1, 3, 6) .
Ultrasonography (US)
In the early phase of gouty arthritis, US examination of the affected joints may reveal non-specific findings, such as synovial effusion and mild synovial hypertrophy and hypervascularity, which may also be present in other forms of acute arthritis (2, 3) . A more specific US finding of gout is the presence of a particulate matter inside the synovial fluid with a "snowstorm" appearance, determined by the presence of multiple foci with different echogenicity, which are considered to be MSU crystals within the joint effusion (16, 17) . Another specific US feature of gout is the "double contour sign", represented by an irregular, hyperechoic line which depicts the outer margin of the articular hyaline cartilage and is determined by MSU crystal deposition at the chondro-synovial interface (16, 17) . This feature has also been reported in 17-25% of patients with asymptomatic hyperuricemia (18) . In addition, US can be helpful in detecting MSU crystal deposits into tendon sheaths, bursae, subcutaneous and peritendineous soft tissues. On US images, tophi demonstrate different reflectivity patterns which are related to the grade of compactness of MSU crystal deposits. "Soft" tophi appear as heterogeneously echogenic nodules with internal hyperechoic spots and no posterior acoustic shadowing, while "hard" tophi are composed of heterogeneous hypoechoic material that obstructs the propagation of the US beam (16, 17) . The presence of vascularity in and around tophi may be appreciated by applying color-and power-Doppler modules (11, 19) . A promising US-based imaging tool that may be useful in the characterization of gout tophi, and in their differential diagnosis with other subcutaneous nodules, is represented by real-time sonoelastography (20) . This US technique investigates the elastic properties of tissues using a color- review coded map (the "elastogram") which is superimposed on the morphological B-mode image and reflects the different stiffness of adjacent tissues. A recent preliminary study (20) showed that sonoelastography could help distinguish gout tophi from rheumatoid nodules. US technique offers a radiation-free and real-time guidance to aspirate even minimal joint or bursal effusions for diagnostic purposes, and to deliver anti-inflammatory drugs into the intra-articular space with safe, efficient and non-invasive monitoring of the whole procedure (3, 16, 17, 21) .
Computed Tomography (CT) and Dual Energy CT (DECT)
CT is currently considered the reference standard imaging technique for the demonstration of cortical bone erosions in inflammatory arthritides ( Figure 2 ). It has been shown to be more sensitive than plain film radiography in the detection of cortical bone erosions associated with tophi, providing direct visualization of tophaceous matter infiltration through these cortical lesions into the subcortical trabecular bone (3, 22) . It has been demonstrated that all large gouty erosions detected by CT are characterized by the presence of intraosseous tophi (tophaceous matter extending into the subcortical spongy bone) (3). Gerster et al. demonstrated that tophi have a specific attenuation value ranging from 160 to 200 Hounsfield Units (UH) due to the physical properties of sodium nuclei that are present in MSU crystals (7, 23) .
The density values of tophi are significantly lower than that of calcium-containing crystal deposits, which are of approximately 450 UH or more (7) . The diffuse calcification of tophi is atypical, and it often reflects a coexisting abnormality of calcium metabolism, such as chronic renal insufficiency (19, 24, 25) . DECT is a new imaging technique which employs two X-ray beams with different energy spectra to assess the attenuation differences within a volume of tissue, providing information on its composition using a color-coded map (26) . It is an established imaging approach to detect cardiovascular calcifications (27) and it has also been used to characterize uric acid renal stones, differentiating them from other types of renal stones both in vivo and in vitro (28) . DECT is useful to detect and quantify MSU crystals in joint and soft tissues, and for monitoring their reduction in response to hypouricemic therapy. It can differentiate MSU deposits from connective tissues and from calcium containing structures by their Xray absorption properties. DECT can identify subclinical tophi, thus representing a valuable tool in the early diagnosis of gout (26) (27) (28) (29) . Furthermore, DECT scans provide a colour-coded map of the presence and extension of MSU crystal deposits, thus providing a computer automated procedure to measure the volume of each clinical or subclinical tophus and Imaging studies of crystalline arthritides the total uric acid volume (26) (27) (28) (29) . These values can be monitored during patient follow up.
Magnetic Resonance Imaging
MRI is used as primary imaging only in the rare cases of gout involving the spine, or when a solitary tophus, presenting as a soft tissue mass, may be confused with a tumor (7, 9) . In a recent study based on Gadolinium enhanced MRI, (8) a high prevalence of synovitis, erosions and bone marrow edema of the wrist was demonstrated in patients undergoing their first gouty attack in that location. MRI is able to detect small, non-palpable tophaceous deposits and the presence of subclinical erosive alterations before they can be seen on plain film Xray, demonstrating the typical sparing of hyaline cartilage thickness of the affected joints (30) . The MRI appearance of peripheral tophi in patients with chronic gout has been described using both high-field, total body and low-field, extremity-dedicated MRI systems (5, 7, (30) (31) (32) (33) . MRI tissue characterization is useful to differentiate tophi from other soft-tissue nodular lesions, especially when they represent the first, unusual manifestation of a chronic asymptomatic hyperuricemia; a condition known as "gout nodulosis" (6, 9, 11). On T1 weighted MRI images, tophi show a homogeneous intermediate signal intensity, similar to that of muscle ( Figure 1) . Conversely, on T2 weighted images, a wide spectrum of signal intensity patterns can be observed, ranging from high signal intensity to heterogeneous low signal intensity, thus reflecting their variable composition and relative proportions of MSU crystals, proteins, fibrous tissue, and hemosiderin (5, 9, 11) . A homogeneous pattern of contrast enhancement after intravenous administration of paramagnetic contrast media is reported to be more frequent than a heterogeneous enhancement. Peripheral enhancement of the gouty tophi has also been reported (21, 24, (34) (35) (36) (37) CPPD crystal deposition disease is a specific term for an osteoarticular disorder characterized by the presence of CPP crystals in or around joints (37) . These crystals may elicit an inflammatory response that results in arhritis with joint effusion, synovitis, tenosynovitis or tendonitis. The prevalence of CPP deposition increases with age; it is common in the geriatric population where it is most frequently asymptomatic. X-ray evidence of hyaline and fibrous cartilage calcification is called chondrocalcinosis, which may be a feature of CPPD deposition disease. However, chondrocalcinosis is not necessarily associated with CPPD arthropathy and it may also occur from the deposition of other calcium-containing crystals, such as calcium apatite, dicalcium phosphate dehydrate, or calcium oxalate (37) . The presence of chondrocalcinosis could support, but does not confirm, the diagnosis of CPPD deposition disease. Clinical presentations of CPP crystal deposition disease are highly variable, including five distinct clinical patterns: lanthanic or asymptomatic, pseudogout syndrome, pseudo-rheumatoid arthritis, pseudo-neuropathic arthropathy, and pseudo-ostoeoarthritic types. These range from asymptomatic disease to severe painful and destructive arthropathy (37) (38) (39) . These different patterns are reflected in the corresponding imaging features.
Plain film X-ray
Plain film X-ray plays an important role in the diagnosis of CPP deposition identifying both chondrocalcinosis and periarticular calcifications (Figure 3 ). CPP crystal deposition in fibrocartilage is most
commonly observed in the menisci of the knee, triangular fibrocartilage of the wrist, labra of the acetabulum, symphysis pubis and annulus fibrosus of the intervertebral disk. Other less common sites of CPP crystal deposition in cartilage include the articular disks of the sternoclavicular and acromioclavicular joints, and glenoid labra (40, 41) . Hyaline cartilage calcification occurs most commonly in the wrist, knee, elbow, and hip, and is identified on X-ray as a thin line parallel to the subchondral bone. Calcification within the synovial membrane is a common feature of CPPD deposition disease. It is usually seen with chondrocalcinosis, but it may sometimes be the dominant X-ray feature (37) . Synovial calcification is seen most often in the knee, metacarpophalangeal and metatarsophalangeal joints, and the radiocarpal and distal radioulnar joints of the wrist (42) . CPP crystal deposition may also involve the fibrous capsule and ligaments. CPP crystal deposition in the scapho-lunate ligament of the carpus may predispose it to rupture with subsequent scapholunate collapse (43) . Tendon calcifications are more frequently found in the supraspinatus, triceps, quadriceps, gastrocnemius and Achilles tendons, where they appear as thin and linear radiodense alterations that extend at a considerable distance from the osseous insertion. They can be distinguished from the more homogeneous, discrete, and nodular calcifications of calcium hydroxyapatite crystal deposition disease (37) . Bursal calcifications are typically amorphous or cloudlike. Occasionally, CPP calcifications may present in the subcutaneous soft tissue of the fingers, mimicking gout tophi on physical examination and appearing as densely calcified tumor-like collections on X-rays (37) . Structural joint changes that are associated with CPP crystal deposition are common and similar to those of osteoarthritis (OA), including joint space narrowing, subchondral sclerosis, and subchondral cyst formation. They are not always accompanied by calcification discernible by X-ray and, in this case, it may be difficult to differentiate regular OA from OA associated with CPPD arthropathy (37).
Ultrasonography (US)
CPP arthropathy has characteristic appearances on US images. Crystal deposition can be identified within hyaline cartilage, fibrocartilage, synovial fluid and synovial membrane. Typical CPP crystal deposits can be visualized as focal hyperechoic spots or 
Computed Tomography (CT)
CT can accurately demonstrate early chondrocalcinosis and small intra-and periarticular calcifications due to its high spatial resolution. Despite the fact that the role of CT in the assessment of peripheral joint involvement in crystal-induced arthropathies has been little explored, it has been shown to be particularly useful in the diagnosis of axial involvement, as testified by the so called "crowned dens syndrome" (CDS), a rare presentation of CPP crystal disease (Figure 4 ) (45, 46) . CPP is a clinical-radiological entity that predominantly affects women with mean age 60-70 years at the time of diagnosis. CDS is characterized on X-ray by calcification of the ligaments surrounding the odontoid process of the axis. It is clinically accompanied by acute attacks of cervico-occipital pain, with fever and general signs of inflammation lasting from days to several weeks (46) . In CDS, CT is the gold standard imaging modality because it allows identification of the different X-ray patterns of the disease: simple band of calcification or double band of thin calcifications in the transverse ligament, irregular calcifications crowning the dens apex, bone erosions of the dens itself, fracture, and atlantoaxial subluxation (37) .
Magnetic Resonance Imaging (MRI)
Calcific deposits are most typically associated with loss of signal intensity on MRI.
To date, there is no evidence to support the use of MRI in the evaluation of patients with suspected CPP and plain film X-ray has shown greater sensitivity than MRI in the diagnosis of CPP arhropathy of the knee (47) . However, MRI does play a role in assessing rare complications of CPP deposition disease, such as spinal cord compression related to large calcified deposits within the spine (48) . In fact, CPP may be The thoracic and lumbar regions of the spine are often affected, especially at the L2-3 disk level, where MRI may demonstrate low signal intensity CPP crystal deposits in the ligamentum flavum. MRI is also useful for a precise assessment of spinal cord involvement in "crowned dens" syndrome (48) .
n hyDROxyapaTITe DepOsITION DIsease (haDD)
Calcium hydroxyapatite crystals can cause typical calcifications of the periarticular soft tissues, mainly tendons at their site of attachment, and bursae (1, 49) . The HA crystal deposits may be responsible for an idiopathic disorder called hydroxyapatite deposition disease (HADD), also known as ''calcific periarthritis'', ''periarticular apatite deposition'', and ''calcifying tendinitis'' ( Figure 5 ) (50). Usually monoarticular, the disease more frequently involves the shoulder rotator cuff, although other or multiple sites of involvement may occur. Supraspinatus tendon, collateral ligaments of the elbow, triceps tendon at its attachment on the olecranon, gluteal tendon insertions on the greater trochanter and surrounding bursae are the anatomical sites most commonly affected (37, 38, 51) . Deposition of HA crystals may also occur in the axial skeleton (longus colli muscle), pelvis, and thighs. Prevalence among asymptomatic individuals is reported to be 2.7%. When calcifications are present, clinical symptoms occur in 34 to 45% of patients (52) . The disease typically occurs between the ages of 40 and 70 years, with no gender predilection; a familial predisposition has also been suggested (53) . The onset of symptoms in HADD is typically acute, with severe pain, tenderness, signs of local inflammation and functional limitation (37, 54) . In the shoulder, calcific tendinitis of the rotator cuff is regarded as a self-healing condition that usually undergoes spontaneous resolution in 7-10 days. It can, however, be disabling and pain may be resistant to conservative treatment with local steroid injections and anti-inflammatory compounds. Although etiology remains unknown, HADD is recognized as a dynamic process that evolves through four stages: precalcific, calcific, resorptive, and postcalcific. In the first stage, microtraumatic factors, associated to a local decrease in blood supply, can lead to intratendinous Imaging studies of crystalline arthritides fibrocartilaginous metaplasia with resulting calcification (55) (56) (57) (58) (59) . In the shoulder, this condition is typically associated with an intact rotator cuff. The subsequent calcific phase is a resting period which can sometimes can be painful or may cause mechanical symptoms, according to the size of the deposit (60) . The resorptive stage is frequently symptomatic, and is characterized by vascular proliferation followed by dissolution and resorption of the calcific focus by macrophages, resulting in a "toothpaste" appearance of the calcific deposit. When this ruptures, HA crystals are spilled into the surrounding soft tissues or bursa, setting off the acute inflammatory response with very intense pain. An association between acute pain attacks and histological evidence of calcium resorption has been described (58, 61) . After resorption, in the postcalcific or reparative phase, fibroblasts restore the normal tendineous collagen pattern (60) . The intra-articular location of HA crystals is also found as a primary phenomenon or in association with other disorders, including trauma, renal osteodystrophy, collagen vascular disease, tumoral calcinosis and as a complication of multiple intra-articular steroid injections (62) .
X-ray X-ray is the most practical, cost-effective and available imaging modality for evaluating HA crystals deposition disorder. HADD may present on X-ray as a cloudlike and poorly defined clump of calcifications in periarticular soft tissues ( Figure 5 ). The HA deposits with these characteristics are classified as type III calcifications according to Gartner (63, 64) . Type I calcification are more dense and homogeneous with sharply defined margins and a linear or circular configuration. In some cases it is not possible to designate the specific Xray morphology to a given deposit (type II). A typical feature helping the differential diagnosis from heterotopic ossification or accessory ossicles is the complete lack of trabeculation in the HA crystals opacities (65) . Deposits may remain static over the years or they can also enlarge, change shape, or disappear. The adjacent osseous tissues are usually normal, but osteoporosis, subchondral cystic lesions, reactive sclerosis, and contour bone irregularities may also be present (1) . Calcified deposits with a well-defined, homogeneous contour are less likely to be symptomatic and may correlate with the formative or calcific phase of the disease.
On the other hand, deposits with fluffy, ill-defined edges are often seen in patients with acute pain and may correlate with the resorptive phase (66) . It is important to point out that HA crystal deposition may often be associated with osteoarthritis, and the radiographic feature of one disease may accompany the other. HA crystal deposits in the subacromial bursa result in a teardrop-shaped radiodensity extending under the greater tuberosity. In rare cases, HA crystal deposition in the glenohumeral joint can be associated with destructive arthropathy, referred to as Milwaukee shoulder syndrome, which is characterized by joint space loss, subchondral sclerosis, osseous debris, and joint deformity (65, 67, 68) . A large effusion that contains calcified debris may be present, as well as the superior displacement of the humeral head as a result of associated disruption of the rotator cuff with remodeling and erosion of the acromial undersurface.
Ultrasound
Ultrasound (US) is a useful tool in the evaluation of HADD (61, 69) , particularly when it affects the shoulder rotator cuff, providing a real-time, high-resolution analysis of tendinous echostructure ( Figure 5 ). Moreover, it can guide mini-invasive therapeutic procedures (i.e. single or double needle lavage techniques, intra-articular injection of anti-inflammatory drugs) with real-time visualization (61, 69, 70 
Magnetic Resonance
Altough MR imaging is not sufficient to diagnose calcific tendinitis (74) , it is an important tool in the evaluation of HADD, and can help analyze the extent of the HA crystal deposits, visualizing soft tissue abnormalities, and helping to exclude other causes of joint pain (73) . Unfortunately, small calcific deposits may be difficult to visualize and lead to false-negative results; similarly, normal hypointense areas within tendons may lead to false-positive results (74) . Calcific deposits are typically associated with focal signal intensity loss on MR images, because at high calcium concentrations (above 30-40%) susceptibility effects and low proton density lead to a loss of signal intensity (75) . At lower concentrations of calcium, T1 shortening effects dominate, resulting in isointensity or even hyperintensity of HA crystal deposits (75) . High-contrast, fluid sensitive MR sequences (Fast Spin Echo T2 weighted with or without fat suppression, short tau inversion recovery; STIR) may demonstrate soft tissue edema surrounding HA crystal deposits and adjoining bone marrow edema.
n CONClUsIONs
Plain film X-ray is inexpensive and widely available. It is, therefore, considered the first-step imaging approach in the assessment of crystal-induced arthropathies. It provides specific findings for both CPPD and HADD, but it may underdiagnose the early osteoarticular damage in gouty patients. High-resolution US has several advantages in clinical practice when compared to other imaging modalities due to the lack of ionizing radiations, low cost, acceptability by the patient and ease of access. Several specific US findings are useful in the diagnosis of crystal deposition diseases. However, this is operator-dependent and labour-intensive, and standardization of images for a precise assessment of lesions over time may be difficult. In addition, US does not provide a panoramic view of the affected joint and surrounding soft tissues and is unable to detect pathological changes in the subchondral/subcortical bone; for these reasons US should always be associated with X-rays and/or other imaging techniques for a comprehensive assessment of the osteoarticular damage. CT can provide high-resolution images of crystal deposits which are characterized by different and almost specific attenuation values. DECT is a promising imaging approach in the assessment of subclinical gout but for the moment, this new CT-based technique is only available in a few centers. The main disadvantages of CT are the use of ionizing radiation, its relatively high cost and the low contrast resolution. MRI is of extremely useful in the evaluation of both acute and chronic gout in both the acute and chronic settings. The high costs and limited availability of high-field total body MRI scanners restrict its use. Lowfield, extremity-dedicated MRI systems have been recently used to assess acute gouty arthritis and chronic tophaceous gout, giving encouraging results.
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